Yersinia pseudotuberculosis serotyping scheme contains 21 serotypes based on the distribution of about 30 different O-factors within the species. The chemical structures of LPSs and the genetic basis of their biosynthesis has been determined for a number of Y. pseudotuberculosis strains representing different serotypes; thus, an overall picture of the relationship between genetics and structures is emerging. In this work, we have performed a structural and genetic analysis of the Y. pseudotuberculosis serotype O:15 O-specific polysaccharide. Our results showed that the set-up of the Y. pseudotuberculosis O:15 gene cluster is a hybrid between those of Y. pseudotuberculosis serotypes O:1b and O:5a, possibly due to a single recombination event. The hybrid nature could also be seen in the structure of the O-specific polysaccharide repeating unit pentasaccharide. It contains a tetrameric backbone identical to that of O:5a while the branching paratofuranose residue is identical to that of O:1b.
INTRODUCTION
All Gram-negative bacteria including the members of the genus Yersinia possess an outer membrane (OM). Except in the genus Sphingomonas, where no lipopolysaccharide (LPS) is present, about 70% of the outer leaflet of the OM is occupied by LPS, which is composed of two biosynthetic entities: (i) a lipid A-core oligosaccharide; and (ii) attached to it, an O-specific polysaccharide (OPS) also known as O-antigen. The OPSs are highly variable and represent the basis for serotyping of strains. Lipopolysaccharide biosynthesis requires enzymes that are specific for each LPS component and linkage; therefore, the number of LPS genes is at least 50 and the genes are chromosomally located in most Gram-negative bacteria. The genes involved in lipid A biosynthesis are usually scattered around the genome whereas those involved in core biosynthesis form a distinct gene cluster as do the genes encoding OPS biosynthesis. In a few bacteria, LPS genes are located in plasmids or in temperate bacteriophage genomes.
The Yersinia pseudotuberculosis serotyping scheme contains 21 serotypes while Yersinia pestis is serologically homogeneous and cannot be serotyped because its LPS lacks the OPS. 1 Yersinia pestis though carries a cryptic OPS gene cluster (including five pseudogenes) that is almost identical to that of Y. pseudotuberculosis O:1b. 2 The current Y. pseudotuberculosis scheme lists 15 major O-serotypes, 3 the first five of which contain 2 or 3 O-subtypes thus making up the number to 21.
The serotype classification is based on the distribution of about 30 different O-factors within the species. Epidemiologically, there are some differences in prevalence of the serotypes in human isolates. In Europe, most often the isolates belong to serotypes O:1-O:3 while in Japan to serotypes O:4b, O:3, O:5a, and O:5b are more prevalent. 4, 5 Some of the more recently recognized serotypes represent 'environmental' Y. pseudotuberculosis, since none of them carry the virulence plasmid. 3, 6 The chemical structures of LPSs and the genetic basis of their biosynthesis has been determined for a number of Yersinia strains representing different species and serotypes; thus, an overall picture of the relationship between genetics and structures is emerging.
In Yersinia, all the studied gene clusters expressing the heteropolymeric OPS type are located in the chromosome between the hemH and gsk genes. Upstream of the hemH gene is located the adk gene, and downstream of the gsk gene the rosB-rosA and ushA genes, which are not directly involved in OPS biosynthesis. However, the rosAB operon is involved in regulation of OPS expression. 7 In Y. enterocolitica serotypes O:3 and O:9, both expressing homopolymeric OPS, the OPS gene clusters are not located between the hemH and gsk genes; instead, this locus is occupied by the outer core gene cluster. 8 The genomic locations of the homopolymeric OPS gene clusters of O:3 and O:9 are unknown.
The OPS structures of a number of Y. pseudotuberculosis serotypes have been identified. 9,10 Based on sequencing, gene-specific PCR analysis and hybridization studies, all serotypes except O:7, O:9 and O:10 carry the ddhDABC genes, or their homologues, involved in the biosynthesis of CDP-dideoxyhexoses (CDP-DDH) in the beginning of their gene clusters downstream of the hemH gene. 10, 11 The ddhDABC block-encoded enzymes produce a biosynthetic intermediate in the biosynthesis of the CDP-DDH, and completion of the specific CDP-DDH in each serogroup requires one or two additional gene(s) that determine(s) the serogroup specificity, e.g. abe in serogroups O:2a, O:2b and O:2c (that carry abequose in their OPS); prt and tyv in serogroups O:4a and O:4b (that carry tyvelose in their OPS), prt in serogroups O:1a and O:1b (that carry paratose in their OPS) and ascEF in serotype O:5a (that carry ascarylose in its OPS). [12] [13] [14] [15] The PCR analysis allowed the prediction of the presence of specific DDH for some serotypes for which no structural data were yet available, such as O:1c, O:11, O:14 and O:15. 2, 16 In addition to the CDP-DDH pathway genes, the OPS clusters contain the genes encoding the biosynthetic enzymes of the precursors of other NDP-sugar components, the respective glycosyltransferases, and the translocation and polymerization proteins Wzx, Wzy and Wzz. 10 Interestingly, based on PCR analysis, all serotypes appear to use an almost identical Wzz-protein as a chain length determinant. 2 In this work, we have performed a structural and genetic analysis of the Y. pseudotuberculosis serotype O:15 OPS. Serotype O:15 strains have this far been isolated from infected humans in South-Korea. 17 Our results showed that the set-up of the Y. pseudotuberculosis O:15 gene cluster is a hybrid between those of Y. pseudotuberculosis serotypes O:1b and O:5a, possibly due to a single recombination event. The hybrid nature could also be seen in the structure of the OPS repeating unit pentasaccharide. It contains a tetrameric backbone identical to that of O:5a while the branching paratofuranose residue is identical to that of O:1b.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Yersinia pseudotuberculosis serotype O:15 reference strain 93422 has been described earlier. 2, 16 Bacteria were routinely grown in Luria broth or on Luria agar.
For fermentor cultivation, a 250-ml inoculum in LB broth was cultivated at 25 C on a rotary shaker at 200 rpm for 20-24 h. Fermentor cultivation was performed in a Biostat B plus Santorius Fermentor with 4-l Yersinia fermentor medium. The medium containing tryptone (10 g/l), yeast extract (5 g/l), KH 2 PO 4 (2 g/l), K 2 HPO 4 (3 g/l) and (NH 4 ) 2 HPO 4 (5 g/l), was autoclaved in the fermentor vessel. After cooling the vessel to 50 C, filter-sterilized solution of 50% glucose (Glc) supplemented with salts, trace metals and vitamins was pumped into the fermentor. The final concentrations of the added components were (per liter): Glc (62.5 g), MgSO 4 (0.5 g) NaCl (5 mg), ZnSO 4 Á 7H 2 O (1 mg), MnCl 2 Á 4H 2 O (4 mg), FeCl 3 Á 6H 2 O (4.75 mg), CuSO 4 Á H 2 O (0.4 mg), H 3 BO 3 (0.575 mg), Na 2 MoO 4 Á 2H 2 O (0.5 mg), and thiamine (1 mg). Then, the bacterial inoculum was pumped into the vessel. During fermentation as antifoam agent polypropylene glycol P 2000 was pumped in as needed, and pH 7.4 was maintained by pumping in 10% or 20% NaOH. Culture pO 2 was kept at 50% saturation by sterile air flow aeration and stirrer speed control. After 20-24 h fermentation, the bacteria were killed by 0.5-1% phenol, washed with PBS until the supernatant was clear and freeze-dried. A dry mass of 18.3 g was used for LPS isolation (see below).
Nucleotide sequence determination
The OPS gene cluster specific fragments were amplified by PCR using primers based on either the serotype O:1b or O:5a sequence (the unpublished O:5a sequence was kindly made available to us by Dr Peter Reeves, Sydney, Australia). The sequences of the primers can be obtained from the corresponding author upon request. The obtained PCR-products were sequenced using the Applied Biosystems Dye Terminator (v.3.1) kit and run on a 3100 capillary sequence analyzer. The sequencing reaction results were entered into and assembled into contigs by the Staden Program Package. Both strands of the OPS gene cluster were sequenced. The Artemis informatics program was used as a genome annotation tool. 18 The 22,128 bp nucleotide sequence of the O:15 OPS gene cluster has been deposited into EMBL/Genbank databases under accession number AM849474.
Isolation of LPS
The bacteria were washed successively with ethanol, acetone and ether, from which 18.3 g dry mass was obtained which was extracted with hot phenol/water. The obtained water phase was dialysed, then lyophilized (1.61 g, 8.8% of the bacterial dry mass) and ultracentrifuged (150,000 g, 4 C, 4 h) three times. The final precipitate contained the purified LPS (148 mg, 0.8% of the bacterial dry mass).
General and analytical methods
To prove that the obtained isolate was LPS, it was analysed for the content of 3-hydroxy fatty acids and 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) as described. 19 Monosaccharides were analysed as acetylated methylglycosides, as reported. 20 Identification of the 3,6-dideoxy-hexose derivative was possible analysing the methyl glycoside derivatives of authentic paratose, tyvelose and colitose. Paratose and tyvelose were a kind gift from Drs A. Iadonisi and E. Bedini, respectively; colitose was isolated from the commercially available LPS from Escherichia coli O:55. The absolute configuration was determined by analysing the chiral 2-octyl derivatives. 21 
Isolation of the OPS
For isolation of the OPS, crude LPS (100 mg, without purification from nucleic acids or protein contaminants) was used. The lipid A moiety was cleaved from the LPS by mild acid hydrolysis (50 mM AcONa, pH 4.5, 0.1% SDS, 100 C, 4 h), and recovered as a precipitate by ultracentrifugation (100,000 g, 4 C, 2 h). The supernatant OPS was purified by gel-permeation chromatography using a column (1.5 Â 94 cm, total volume 166 ml) of Sephacryl HR-300 in 50 mM NH 4 HCO 3 (flow: 10 ml/h) and monitored by a refractometer. Fractions were collected according to the chromatographic profile and checked by 1 H-NMR spectrometry. The OPS was isolated in a yield of 5% of the LPS.
Nuclear magnetic resonance spectroscopy 1D and 2D homonuclear spectra were recorded with a Varian Inova 500 spectrometer of Consortium INCA (L488/92, Cluster 11) operating at 298 K with an inverse z-gradient probe, and 2D heteronuclear experiments were measured at the same temperature on a Bruker DRX-600 equipped with a cryogenic probe. The sample was dissolved in 0.5 ml 2 H 2 O and chemical shifts were referred relative to internal acetone [ 1 H 2.225, 13 C 31.45]. For the homonuclear experiment, solvent saturated DQF-COSY, TOCSY and ROESY spectra, 512 FIDs of 2048 complex data points were collected, with 48 scans per FID and using standard manufacturer software. The spectral width was set to 10 ppm and the frequency carrier was placed at the residual HOD peak and mixing times of 120 ms and 200 ms were used for TOCSY and ROESY, respectively. For the gHSQC and gHMBC spectra, 512 FIDS of 2048 complex points were acquired with 50 scans per FID, the GARP sequence was used for 13 C decoupling during acquisition. Conversion of the Varian data and processing was performed with the standard Bruker Topspin 1.3 program; and the spectra were assigned using the computer program Pronto. 22 
RESULTS AND DISCUSSION
Isolation of the LPS and compositional analyses
Fatty acid analyses for 3-hydroxy fatty acids and Kdo identified the isolated material as LPS (data not shown). Sugar compositional analyses of the OPS identified D-mannose, 2-acetamido-2-deoxy-D-galactose, L-fucose and paratose (3,6-dideoxy-D-ribo-hexose). Whereas the first three sugars are common constituents of OPS, the paratose has been identified rather rarely, e.g. in OPS of Y. pseudotuberculosis serotypes O:1a, O:1b and O:3, 11,23,24 and in Salmonella enterica group A. 25, 26 Nuclear magnetic resonance spectroscopy
The complete assignment of the OPS 1 H and 13 C resonances was achieved (Table 1) combining the information obtained from DQF-COSY, TOCSY, NOESY, gHSQC and gHMBC NMR experiments. The anomeric region (Fig. 1 ) contained five anomeric protons (sequentially labelled A-E in order of decreasing chemical shifts), whereas the high-field region showed one methylene signal (two overlapped protons at 2.01 ppm, H-3ax, H-3eq) belonging to the paratose residue, one N-acetyl methyl (2.03 ppm) and three different and partially overlapped methyl signals (1.18, 1.21 and 1.27 ppm), which arise from one paratose and two fucose units. The first spin system with the anomeric signal A was classified as a 3-substituted a-GalpNAc residue. Its galacto configuration was identified by the interruption of the scalar correlations at H-4 in both, the COSY and TOCSY spectra, owing to H-4 equatorial orientation, whereas its a-configuration was established on the basis of the chemical shift value of its C-5 (73.1 ppm). 27 The 13 C chemical shifts of the ring carbons pointed at a nitrogen-substituted C-2 which was N-acetylated as proven by a H-2 deshielded chemical shift and by the presence of one N-acetyl signal in the proton spectrum. The C-3 signal was shifted to low field in comparison to the standard value (68.7 ppm) due to glycosylation.
Residue B was identified as Manp on the basis of the diagnostic shape of the H-3/H-2 DQF-COSY cross peak that displayed a small active coupling dictated by the 3 J H2,H3 value and a passive but large one with proton H-4. This residue was a-configured as established by its C-5 chemical shift value (70.4 ppm) and substituted at O-3 as proven by C-3 glycosylation shift. The remaining spin system, residue D, was identified as paratose whose presence was previously verified by chemical analyses. Moreover, it was present as a furanose ring as attested from the low-field chemical shift of its C-1 and C-4, whereas its b-configuration was deduced from the comparison of its anomeric carbon chemical shift with that reported for b-paratofuranose. 28 The NMR analysis of this residue was hindered from the lack of a H-1/H-2 correlation in the DQF-COSY spectrum. However, the H-2 chemical shift was found in the TOCSY spectrum and the chemical shifts of the other ring protons were consequently deduced by the analysis of both TOCSY and COSY spectra. The carbon chemical shifts of this residue identified it as terminal nonsubstituted residue.
The sequence of the residues A-E within the repeating unit was deduced analysing the dipolar couplings in the NOESY spectrum in which the following NOE contacts Figure 2 . Interestingly, the structure contains a tetrameric backbone identical to that of O:5a while the branching paratofuranose residue is identical to that of O:1b (Fig. 2) . 
The OPS gene cluster
Based on earlier PCR-analysis, the OPS gene cluster of serotype O:15 is located between the hemH and gsk genes similar to other Y. pseudotuberculosis serotypes. 2, 16 This allowed a PCR-based sequencing strategy to be used in sequence analysis. A total of 22,128 bp of sequence was obtained and altogether 18 genes were identified from the OPS gene cluster (Fig. 3) . Bioinformatic analysis was used to predict functions for the gene products ( Table 2 ). The gene cluster appeared to be a hybrid between those of Y. pseudotuberculosis serotypes O:1b and O:5a, possibly due to a single recombination event between the wbyH and wzx genes (Fig. 3) . Based on the structural analysis, the gene cluster should encode enzymes for the biosynthesis of CDP-Parf, GDP-Manp, GDP-Fucp and UDP-GalpNAc, the glycosyltransferases responsible for creating the glycosidic bonds between the residues, and the repeating unit processing, i.e. translocation and polymerisation functions.
DdhABCD, Prt and WbyH
The DdhABCD enzymes catalyze the reactions that start from glucose-1-phosphate and yield in four steps to the DDH pathway intermediate CDP-4-keto-3,6-dideoxy-D-xylo-4-hexulose. 29 The O:15 DdhABCD enzymes are 98-100% identical to those of other Y. pseudotuberculosis serotypes and Y. pestis. Interestingly, the Y. pestis counterparts seemed to be closest. The Prt and WbyH enzymes convert the CDP-DDH-intermediate into CDP-Parf. The enzyme Prt is a reductase that transfers two hydrogen atoms from NADPH to the keto group on carbon 4 and WhyH is predicted to be CDP-paratopyranose mutase involved in the conversion of the pyranose to the furanose ring. 29 The presence of these genes strongly supported the presence of Parf in the OPS structure. 
ManBC, Gmd, Fcl and Gne
These enzymes are involved in the biosynthesis of GDP-D-Manp, GDP-L-Fucp and UDP-GalpNAc. The biosynthesis of GDP-Manp involves ManB and ManC, and Gmd and Fcl in turn convert GDP-Manp to GDP-Fucp. 29 Gne is a UDP-N-acetylglucosamine 4-epimerase that converts UDP-GlcpNAc into UDP-GalpNAc. 30 
WbySTUQ
The repeating unit of the O:15 OPS is a pentasaccharide; however, only four predicted glycosyltransferases were encoded in the gene cluster. The situation was the same as in many other Y. pseudotuberculosis and Y. enterocolitica OPS gene clusters and the explanation was that the first O-unit residue, GalpNAc, was transferred to UndP by WecA, the priming glycosyltransferase encoded in the enterobacterial common antigen gene cluster. 10, 31 Thus, four glycosyltransferases were required to accomplish the biosynthesis of the remaining pentasaccharide. Based on the functions of the homologues of serotype O:5a 29 WbyQ is fucosyltransferase I that transfers Fuc (residue E, Fig. 2) to GalNAc (A), WbyU is the mannosyltransferase that transfers Man (B) to Fuc (E), and WbyT is fucosyltransferase II that transfers Fuc (C) to Man (B; Table 2 and Fig. 2 ). 29 Finally, WbyS was predicted to be the paratofuranosyltransferase that transfers Parf (D) to Fuc (C). Interestingly, the O:5a WbyS differs from O:15 WbyS by only one amino acid; however, the former transfers Asc and the latter Parf to Fuc. The single difference of Val to Ala (residue 279) is not likely to explain the sugar specificity; rather, we predict that WbyS is promiscuous with respect to the donor sugar and more specific to the acceptor structure. Final assignment of the transferase functions remains to be experimentally proven.
Wzx, Wzy and Wzz
These are the repeating unit processing components. 32 The completed repeating unit linked to Und-P is translocated across the inner membrane by a flippase, the Wzx protein, to face the periplasmic space. The flippases of different bacteria do not show any similarity in amino acid sequence comparisons; however, their topological mapping shows 12 transmembrane domains. 33 The O-unit polymerase Wzy proteins are identified mainly based on their predicted transmembrane segments. 35 Interestingly, the predicted Wzy-proteins of O:15 and O:5a are 100% identical indicating that the OPS main chain structure is decisive in the substrate recognition for the O-unit polymerase. Database searches, on the other hand, resulted in no other significantly similar proteins. From the functional point, it would be interesting to study whether Wzy could polymerize a tetrasaccharide repeating unit missing the paratose side chain.
The Wzz protein is close to 100% conserved in all Y. pseudotuberculosis and Y. pestis strains. This property has been used to design diagnostic PCR methods. 16 
Other features
In the O:15 gene cluster, we noticed the presence of a putative rho-independent transcriptional terminator between the ddhC and prt genes. This is also the location of sequence divergence in the DDH biosynthetic gene blocks. The prt gene is present in the O-serotypes 1a, 1b, 3, 4a and 4b. In O-serotypes 2a, 2b, and 2c, the ddhC gene is followed by the abe, and in 5a, by the ascE gene. 29 The role of the terminator might be to reduce the transcription to the downstream genes thus providing a proper balance of biosynthetic enzymes; however, no experimental evidence for this is available at present. The other intergenic region of interest is that between wbyH and wzx that carries hepta-and octanucleotide repeats. 2 Blast-comparison to sequences in databases showed that in Y. pseudotuberculosis serotypes O:1a and O:1b there are 2-7 TTTAATAA and 3-16 TTA AAAG repeats, while in O:15 and in all known Y. pestis sequences there is only one TAATAATT stretch between the wbyH and wzx genes. This is also the location where the similarity to O:5a gene cluster re-emerges ( Fig. 3 ).
CONCLUSIONS
We have unequivocally established the primary structure of the OPS of Y. pseudotuberculosis serotype O:15 and its biosynthetic gene cluster. From the chemical point of view, the structure resulted in a pentasaccharide repeating unit built up of a tetrameric backbone to which a unique paratofuranose residue is attached. Compared to serotype O:5a OPS structure, the only change is replacement of side chain ascarylose by Parf in O:15. The nucleotide sequence of the gene cluster encoding the enzymes necessary for the biosynthesis of the O:15 repeating unit, its translocation and polymerization into OPS was also determined. These results form a basis for future studies.
